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© Magnetic resonance apparatus comprising an improved gradient coil system. 



© In a magnetic resonance apparatus the arc con- 
ductors which contribute less to the field formation 
and which are situated further outwards are radially 
and/or axiaily positioned in a gradient coii system so 
that they compensate for stray fields of arc conduc- 
tors which are more centrally situated and which 
contribute substantially to the field formation. As a 
result of the radial displacement, the measuring 
space of the apparatus can be conically shaped, so 
that a higher patient accessibility is achieved or a 
smaller diameter can be imparted to a central por- 
^tion. Because no additional compensation coils are 
"used and eddy currents are still prevented in elec- 
COtrically conductive shields enclosing the coil system, 
^the power stored in the coil system is substantially 



reduced, so that the control of the coil system is 
improved notably for higher frequencies. 
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Magnetic resonance apparatus coi 

The invention relates to a magnetic resonance 
apparatus, comprising a magnet system for gen- 
erating a steady magnetic field and a coil system 
for generating mutually perpendicular gradient 
fields. 

A magnetic resonance apparatus of this kind is 
known from EP-A-216590. A gradient coil system 
described therein comprises a number of saddle 
coils for generating X- and Y-gradient fields for a 
magnetic resonance apparatus in which the direc- 
tion of the steady magnetic field coincides with the 
(Z-) axis of a cylindrical measuring space. A gra- 
dient coil system of this kind is usually surrounded 
by one or more electrically conductive cylinders, 
for example walls and radiation shields of a super- 
conducting magnet When the current in gradient 
coils is switched, eddy currents are induced in 
these electrically conductive cylinders, which eddy 
currents counteract the desired gradient fields. The 
attenuation of the effective gradient field can partly 
be compensated for by means of an adjustable 
"overshoot" in the current through the gradient 
coils. The overshoot in the current (and hence also 
the electrical power to be delivered) is highly de- 
pendent of the ratio of the diameter of the smallest 
shield surrounding the coil and the diameter of the 
coil itself. The electrical power for the coil in- 
creases as the diameter of the electrically conduc- 
tive cylinder decreases. 

The eddy current not only attenuate the de- 
sired gradients but also distort the gradient fields. 
The relationship between location and effective 
field strength is then different from the situation 
where the gradient coil is arranged so as to be 
isolated. Moreover, this relationship between field 
and location will generally be time-dependent be- 
cause the eddy currents will decay with a given 
time constant. Notably this time-dependency will 
generally lead to undesired distortions in the MR 
images. 

If the eddy currents were not to decay in time, 
the effect of the eddy currents would remain limit- 
ed to an increase of the electrical power required 
and the distortion of the images obtained. The 
distortion could in principle be avoided by taking 
the eddy currents into account in the design of the 
coil, so that the effective field would have the 
desired shape as well as possible. The decay of 
the eddy currents could in principle be prevented 
by surrounding the gradient coils by means of a 
superconducting shield. However, this will be dif- 
ficult to realize for the time being. An alternative 
method, offering a comparable result consists in 
the mounting of a system of "shielding coils" which 
are designed so that therein the current patterns 



prising an improved gradient coll system. 

are simulated which would arise in a superconduc- 
ting shield. By powering this shielding coil with an 
active power supply, the time-dependency of the 
eddy current fields will be eliminated. 
5 Such a system of shielding coils, however, 

does not offer a solution to the electrical power 
required for the current overshoot to the contrary, 
when the current in the coil is switched the effect 
of the shielding coil is substantially the same as 
70 the effect which would be exerted by a conductive 
shield on the diameter of the shielding coil and; 
because this diameter will always be smaller than 
the diameter of the cryostatic shields in which 
otherwise the eddy currents would be introduced, 
rs the total power required will be substantially higher. 

It is the object of the invention to mitigate the 
problem imposed by the eddy currents introduced 
by a transversal gradient coil without increasing the 
total electrical power required for the gradient coil 

20 beyond the power required for a comparable con- 
ventional gradient coil including its eddy currents. 
To achieve this, a magnetic resonance apparatus of 
the kind set forth in accordance with the invention 
is characterized in that return arc conductors of the 

25 gradient coil system are located within the coil 
system so that they compensate for stray fields of 
arc conductors which effectively contribute to the 
formation of the gradient fields. 

By utilizing the fact that a conventional X- and 

30 Y-gradient coil comprises conductors which hardly 
contribute to the generating of the desired fields 
but which serve merely for the completion of the 
closed circuits of the saddle coils forming such a 
gradient coil, stray fields of the effective arc con- 

35 ductors can be compensated for without the stored 
energy of the coil system being increased for this 
purpose. 

In a preferred embodiment current return arcs 
which are situated further outwards, viewed in the 

40 axial direction, are displaced to a larger diameter 
and are, moreover, positioned more centrally in the 
system, again viewed in the axial direction. By 
suitably distributing a part of the return arcs across 
a cylinder surface having a larger diameter in this 

46 manner, the resultant stray field of the entire coil 
system can be reduced to only a fraction of the 
stray field of a comparable conventional gradient 
coil. 

Because said return arcs make a substantial 
so contribution to the power stored in known coil sys- 
tems, this power is not increased by the step in 
accordance with the invention. 

The gradient coil system for generating X-gra- 
dient fields notably comprises two saddle coils, 
each of which comprises a compensating saddle 
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coil. These coils are pairwise symmetrically posi- 
tioned with respect to a Z = 0 radial symmetry 
plane of the coil system. At least a part of the arc 
conductors which are situated further outwards, 
viewed in the axial direction, is thus replaced, or 
rather compensated for, by arcs of the inner coil. A 
suitable connection in this respect is, for example 
the series connection of return arcs of compensa- 
tion coils and arc conductors of gradient coils 
which are situated further outwards. The major ad- 
vantage of this construction consists in that the 
total power stored in the coil system is substan- 
tially lower and can approximate substantially the 
level of an isolated gradient coil system. This elimi- 
nates the drawback imposed by field disturbances 
caused by eddy currents as well as the drawback 
imposed by the high energy contents of the coil 
system. 

By using the freedom in the positioning of arc 
conductors which are situated further outwards in 
the axial direction, in a preferred embodiment a 
larger diameter is chosen for the arc conductors 
situated at that area. The accessibility of a patient 
positioned in the apparatus is thus increased and 
the apparatus becomes more patient friendly; on 
the other hand, a smaller diameter can be imparted 
to more centrally situated arc conductors, so that a 
further energy saving can be realized. More specifi- 
cally, more centrally situated arc conductors which 
substantially contribute to the desired field forma- 
tion can be coupled, via conductive connections 
which do not extend strictly axially, to return arcs 
which are situated further outwards and which ex- 
tend along a circular circumference of larger diam- 
eter. Notably the return arcs need not extend strict- 
ly circularly; an adapted degree of axial and radial 
orientation can be imparted thereto, if desirable, for 
field formation, field compensation or geometry. 

A further embodiment of the coil system com- 
prises stacks of axially or radially stacked arc con- 
ductors as described in detail in Netherlands Pat- 
ent Application PHN ... filed by Applicant simulta- 
neously with the present Application. 

Some preferred embodiments in accordance 
with the invention will be described in detail 
hereinafter with reference to the drawing. Therein: 

Figure 1 shows a magnetic resonance ap- 
paratus in accordance with the invention; 

Figure 2 is a diagrammatic perspective view 
of a gradient coil system for the above apparatus, 
and 

Figure 3 is a sectional view of an embodi- 
ment of such a coil system. 

A magnetic resonance apparatus as shown in 
Figure 1 comprises a magnet system 2 for generat- 
ing a steady, uniform magnetic field, a magnet 
system 4 for generating magnetic gradient fields, 
and power supply sources 6 and 8 for the magnet 



system 2 and the magnet system 4, respectively. A 
magnet coil 10 for generating an r.f. magnetic 
alternating field is connected to an r.f. source 12. 
For the detection of magnetic resonance signals 

5 generated by the r.f. transmitter field in an object to 
be examined the present embodiment utilizes a 
surface coil 13. For read purposes the coil 13 is 
connected to a signal amplifier 14. The signal am- 
plifier 14 is connected to a phase-sensitive rectifier 

/o 16 which is connected to a central control unit 18. 
The central control unit 18 also controls a modula- 
tor 20 for the r.f. source 12, the power supply 
source 8 for the gradient coils, and a monitor 22 for 
display. An r.f. oscillator 24 controls the modulator 

75 20 as well as the phase-sensitive rectifier which 
processes the measuring signals. A cooling device 
26 with cooling ducts 27 may be provided for 
cooling. A cooling device of this kind may be 
constructed as a water cooling system for resis- 

20 tance coils or as a dewar system for cooled super- 
conducting coils. The transmitter coil 10, arranged 
within the magnet systems 2 and 4, encloses a 
measuring space 28 which offers adequate space 
for accommodating patients in the case of an ap- 

25 paratus for medical diagnostic measurements. A 
steady magnetic field, gradient fields for position 
selection of slices to be imaged, and a spatially 
uniform r.f. alternating field can thus be generated 
in the measuring space 28. 

30 A gradient magnet system 4 is symmetrically 

arranged with respect to a radial symmetry plane 
30 in the usual manner, which radial symmetry 
plane thus symmetrically divides the measuring 
space into two halves and is directed through a 

35 point 2 = 0, perpendicularly to a Z-axis of the 
magnet system. The steady magnetic field gen- 
erated by the steady magnet system is directed 
along the Z-axis. A gradient magnet system in a 
magnetic resonance apparatus comprises a coil 

40 system for each of the coordinate directions in the 
usual manner; said coil systems can generate gra- 
dient fields in each of said directions and enable 
the pointwise imaging of an object The coil sys- 
tems in a gradient coil system in accordance with 

45 the invention are also identical for the X-and the Y- 
gradient and are rotated through 90* with respect 
to one another. 

Figure 2 shows X-gradient coils 40 and 42 
which are situated at one side of the Z = 0 

so symmetry plane 30 in a coil system 4 for a mag- 
netic resonance apparatus Each of these coils, 
being shaped as a saddle coil, comprises a num- 
ber of arc conductors 44 which are not separately 
shown and which are situated near the plane 30, 

55 and a number of arc conductors 46 which are 
situated at a side of the coil system which is 
remote from the Z = 0 plane. Each coil also 
comprises a number of axial conductors 48 which 
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interconnect the arc conductors, 'similarly, two Y- 
gradient coils 50 and 52, in this case situated at an 
opposite side of the Z = 0 plane, comprise a 
number of arc conductors 54 which are situated 
near the 2 = 0 plane 30, a number of arc conduc- 5 
tors 56 which are remote from the plane Z = 0. 
and a number of axially extending connection con- 
ductors 58. Viewed azimuthally, the Y-gradient 
coils are rotated through 90 * with respect to the X- 
gradient coils. It is to be noted that X-gradient coils ;o 
as well as Y-gradient coils are situated at both 
sides of the plane Z = 0. Arc conductors for both 
coils for X-gradient fields and for Y-gradient fields 
are situated at least partly mutually interlined in a 
customary manner and can cover different arc an- /5 
gles. 

The occurrence of disturbing eddy current can 
be reduced by arranging return arcs on a cylin- 
drical surface having a larger diameter. Coils 70 
and 72 with arc conductors 74 and 76 and arc 20 
conductors 78 and 80, respectively, of a com- 
pensating coil system are shown. In the same way 
as the most centrally situated arc conductors 44 
and 54 make the most substantial contribution to 
the formation of the desired gradient fields, mainly 25 
the centrally situated arc conductors 74 and 78 of 
the compensating coils contribute to the reduction 
of eddy currents in the shield 60. Because the 
shields of the coil system disclosed in EP-A- 
216590 which take up a comparatively large 30 
amount of eddy current power are thus omitted, a 
substantial saving is realized as regards the energy 
stored in the coil system. As a result, less power 
will be required for activating the coils and switch- 
ing can be faster. Because the current direction is 35 
opposed in corresponding returnm arc conductors 
of the gradient coils and of the compensating coils 
and the totaJ amount of current to be returned is in 
the same order of magnitude for both systems, a 
far-reaching compensation can be realized in com- 40 
parison with separate compensation coils. Notably 
arc conductors which do not contribute essentially 
to the gradient field can be displaced, at least 
partly, to a larger diameter with adapted axial posi- 
tioning, if so desired for optimum field formation or 4S 
compensation. An example of a modified geometry 
of the coil system is given in Figure 3, being an 
axial sectional view of the system. The arc conduc- 
tors 44, 46. 54 and 56 for the gradient coils and arc 
conductors 74, 76, 78 and 80 for the compensating 50 
coils described with reference to Figure 2 are again 
indicated. Return arc conductors 100 can thus be 
considered to be gradient coil arcs and compensat- 
ing coil arcs. A geometrically more attractive posi- 
tion can be imparted to these arc conductors; for 55 
example, as indicated a larger diameter can be 
realized in comparison with the gradient coil arcs, 
so that the described advantages are obtained. 



Within the scope of the invention, a coil system 
can be composed in which more centrally situated 
arc conductors, making a substantial contribution to 
the gradient fields, are coupled to return arcs via 
conductive conductors which do not extend strictly 
axially but also slightly radially, which return arcs 
extend across a cylinder arc having a larger radius. 
Notably the return arcs need not be strictly circular 
arcs. In practical embodiments a given axial shift 
can also occur within the arc, again for adaptation 
to requirements imposed as regards field homo- 
geneity, compensation and geometry. For example, 
conductors on an inner cylinder surface can be 
interconnected, via more or less radially extending 
connections, to conductors on a surface of a cyl- 
inder of larger diameter. Conductors which are 
situated further outwards contribute, possibly only 
to a small degree, to the desired gradient field and 
compensate for stray fields which would otherwise 
emerge. 



Claims 

1 . A magnetic resonance apparatus comprising 
a magnet system for generating a steady magnetic 
field and a coil system for generating mutually 
perpendicular gradient fields, characterized in that 
return arc conductors of the gradient coil system 
are located within the coil system so that they 
compensate for stray fields of arc conductors 
which effectively contribute to the formation of the 
gradient fields. 

2. A magnetic resonance apparatus as claimed 
in Claim 1 , characterized in that return arc conduc- 
tors of the coil system extend across a cylinder 
surface having a diameter which is larger than that 
of the effective arc conductors. 

3. A magnetic resonance apparatus as claimed 
in Claim 1 or 2, characterized in that effective arc 
conductors of substantially saddle-shaped coils of 
X- and Y-gradient coils in the coil system are 
connected in series with return arc conductors 
which extend across a larger diameter. 

4. A magnetic resonance apparatus as claimed 
in any one of the preceding Claims, characterized 
in that a larger diameter is imparted to arc conduc- 
tors which are situated furthest from a symmetry 
plane of the coil system, axial ends of a central coil 
aperture of the apparatus having a conical shape 
adapted thereto. 

5. A magnetic resonance apparatus as claimed 
in Claim 4. characterized in that, axially measured, 
a central part of the gradient coil system has a 
smaller diameter. 
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6. A magnetic resonance apparatus as claimed 
in any one of the preceding Claims, characterized 
in that the gradient coil system comprises substan- 
tially ring-shaped arc conductors which are com- 
bined in the axial directions so as to form stacks. 5 

7. A magnetic resonance apparatus as claimed 
in any one of the Claims 1 to 5, characterized in 
that the gradient coil system comprises substan- 
tially ring-shaped arc conductors which are com- 
bined in the radial direction so as to form stacks. io 

8. A magnetic resonance apparatus as claimed 
in any one of the preceding Claims, characterized 
in that return arcs extend along arcs which are not 
strictly circular. 
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